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We have used a plane-wave expansion method to theoretically study the far-field head-media
optical interaction in HAMR. For the ASTC media stack specifically, we notice the outstanding
sensitivity related to interlayer’s optical thickness for media reflection and magnetic layer’s light
absorption. With 10-nm interlayer thickness change, the recording layer absorption can be changed
by more than 25%. The 2-D results are found to correlate well with full 3-D model and magnetic
recording tests on flyable disc with different interlayer thickness.
I. INTRODUCTION
The light delivery subsystem in heat-assisted magnetic
recording (HAMR) [1] is a key element for the develop-
ment of high areal-density magnetic recording based on
laser-induced local heating. Although a near-field trans-
ducer (NFT) [2–4] is usually hailed as the ultimate light
source beyond the diffraction-limit to achieve deep sub-
wavelength laser spot for heating the magnetic recording
layer locally, to efficiently bridge the long distance be-
tween laser source and the NFT in micro-scale, an inte-
grated light-path needs to be incorporated to ignite the
light-focusing ability of NFTs. With limited coupling ef-
ficiency between up-stream light and NFTs, there will
usually be background light delivered to the air-bearing-
surface (ABS) and transmitted to media. This part of
optical power, which is not transferred to the excitation
of NFTs through photon-plasmons coupling, is generally
far-field in nature compared to the near-field ’radiation’
from NFTs. Therefore, the far-field light-media inter-
action is an important aspect of HAMR optics and has
great impact on HAMR design optimization, such as the
relation between media-reflection and laser instability,
the background light heating of media, etc.
Reflection due to optical waveguide discontinuity has
been studied extensively when an additional interface is
introduced in the light propagation direction [5–10]. In
HAMR, the head-media interface has very specific and
unique property due to its magnetic recording media de-
sign [11]. Previous study of waveguide interface is usu-
ally discussed within a context of either mirror or anti-
reflection coating [12, 13], optical junction [9], or laser
facet [14, 15], etc. In short, conventional coatings of
waveguides are normally pure dielectrics or pure reflec-
tors. On the contrary, HAMR media is a complex multi-
layer system with both dielectric and metal-like mate-
rials, which demands additional understanding beyond
prior arts. With most available pure-numerical model-
ing tools taking considerable resource and revealing lim-
ited physical insights, a theoretical or semi-analytical
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approach is of special value for HAMR media study.
Due to the existence of extremely thin layers (≤ 5 nm)
in HAMR media stack, the computation time of finite-
element method (FEM) or other finite-difference method
can be unnecessarily long and inaccurate. In this paper,
we follow a semi-analytical approach combining the plane
wave expansion (PWE) and transmission line (TL) the-
ory, and apply this method to understand the far-field
optics of HAMR media. We give special attentions to
the media thickness sensitivity regarding media reflection
and magnetic layer absorption because of their unique
significance in HAMR optics. We have also used rigor-
ous numerical methods as well as spin-stand recording
tests to verify major conclusions.
The paper will be structured as followed. In Section
II, we will briefly review the theoretical aspects of the
PWE technique used for light-media interaction study.
We then summarize both analytical and numerical mod-
eling results in Section III, and experimentally verify the
modeling predictions in Section IV. Finally we give a re-
capture of our work followed by acknowledgment.
II. DESCRIPTION OF THEORY
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FIG. 1. HAMR head-media interface.
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2In this section, we review the technical details of the
plane wave expansion (PWE) method. The implemen-
tation of PWE in spatial frequency domain follows the
general spectral-index principles summarized in [12, 13].
We stick to most of the notations seen in [13, 14], which
have used s-space for the spatial frequency Fourier anal-
ysis. The coordinate system and the problem definition
is sketched in Figure 1. For 2-D waveguides with guided
wave propagating in +z direction, the scalar field in the
transverse direction can be expressed as
φy(x, z) = φ(x) exp(−jβz) (1)
with φ being either H or E profile for transverse-
magnetic (TM) or transverse-electric (TE) respectively
and β the guiding mode’s propagation constant.
Define the Fourier transform of φ(x) along the x direc-
tion in s-space as φˆ(s). The scalar field can therefore be
expressed as an integration over all the available s as
φ(x) = FT−1[φˆ(s)]
=
∫ +∞
−∞
φˆ(s) exp(−jsx) ds (2)
where φˆ(s) gives the complex amplitude of each plane
wave with spatial frequency s. The equivalent wave num-
ber for the plane wave with φˆ(s) as its amplitude is de-
termined by
k(s) =
√
s2 + β2 (3)
and its concept has been discussed in free-space radiation
modes (FSRM) methods [8] and summarized in [12, 13].
It is convenient to obtain the incident angle θ (relative
to the facet normal) as
θi = tan
−1 s
β
(4)
For continuous x and s used in analytical expressions,
the incident and reflected wave are given by Eq. 2 and
φr(x) =
∫ +∞
−∞
r(s)φˆ(s) exp(−jsx) ds (5)
in which r(s) is the s-dependent transverse field reflec-
tivity. For TM polarization, the E-field reflectivity cal-
culated from cascaded TL theory should be converted
back to H-field reflectivity by adding a minus sign, un-
like the case of TE. The discretization of Eqs. 2 and 5 for
N sampling points can be written as
φi[xj ] =
N∑
i=1
φˆ[si] exp (−jsixj) (6)
and
φi[xj ] =
N∑
i=1
r[si]φˆ[si] exp (−jsixj) (7)
Here x
j
belongs to the discrete x-space. The com-
plex reflectivity r(s) is calculated by the generalized TL
theory. We adopted the general approach described in
[16, chaps. 8 and 9] to implement the TL calculation for
lossy multilayer after getting the field profile of the di-
electric waveguide via transcendental equations. Starting
from the effective index of lightwave with vacuum wave-
length λ0, with the incident angle and refractive index of
the first medium n(s) = k(s)/k0 known (k0 = 2pi/λ0) we
have:
neff = n(s) sin θi (8)
in which the incident angle θi has been given by Eqs. 3
and 4.
The first medium’s optical property is given by the
spectral index that changes with s. The generalized
Snell’s law is used to determine the refractory angle,
which again allows complex values [16]. The impedance
at each surface is calculated from the right (in terms
of the positive z direction) to left recursively. Assum-
ing the nth medium of the multi-layer has refractive in-
dex as N [n] and thickness as D[n], with a characteristic
impedance Z[n]. The parameters to determine the field
distribution in the nth medium can be calculated with
reflection coefficient Γ as:
Γr[n] =
Zl[n+ 1]− Z[n]
Zl[n+ 1] + Z[n]
Γl[n] =Γr[n] exp (−j2ψ[n])
 (9)
with the impedance given by
Zl[n] = Z[n] · Zl[n+ 1] + jZ[n] tan (ψ[n])
Z[n] + jZl[n+ 1] tan (ψ[n])
(10)
where Γr,l denotes the reflection coefficient on the right
or left boundary (relative to the +z direction), and Zl the
impedance on the left boundary. Here the longitudinal
phase term ψ[n] is obtained from
ψ[n] = k0N [n]D[n] cos(θ[n]) (11)
The reflection of the multilayer system equals to the
field reflectivity of the first interface. As noted previ-
ously, in convention this is the E-field reflectivity for both
TE and TM cases.
III. CALCULATION AND MODELING
In this section, we will present the modeling results of
how media reflection and absorption change with HAMR
media thickness variation. We will firstly show the re-
sults of media reflection with plane-wave input to verify
the TL theory, and then combine TL and PWE to study
the waveguide-media interaction in 2-D, after compar-
ing with Finite-Difference Time-Domain (FDTD) results
3for the simplified waveguide-air case. Finally we show
the Finite-Element Method (FEM) modeling results of
full 3-D HAMR heating process and discuss its correla-
tion with 2-D data. All the semi-analytical results are
based on the generic media stack introduced previously
by Advanced Storage Technology Consortium (ASTC)
[17]. The media stack consists of (from top to substrate)
a head coating, an air gap, a media coating, a recording
layer, an interlayer, a heatsink layer and a glass substrate.
The wavelength of interest in the theoretical part is fixed
at 800nm, so as to be consistent with the ASTC table.
The general analytical approach given in the paper can
be readily applied to other spectra. The optical property
and thickness is summarized in Table I, with Layer 4 and
Layer 6 representing recording layer and heatsink layer
respectively.
TABLE I. ASTC Media Stack for 800nm light.
LayerID 1 2 3 4 5 6 7
n 1.60 1.00 1.20 2.90 1.70 0.26 1.50
k 0.00 0.00 0.00 1.50 0.00 5.28 0.00
D(nm) 2.5 2.5 2.5 10.0 15.0 80.0 inf.
A. Planewave-Media Interaction
The interaction between plane-wave and media is the
most simple case for light-media interaction. Naive as
it may look like, the study has proved to be practi-
cally meaningful since most media optical probing meth-
ods (including ellipsometer) utilize plane-wave-like light
beam as the incident source. In other word, the opti-
cal response of any media to a plane wave illumination
can be regarded as to some extent intrinsic to the me-
dia. In addition, the concept behind PWE for waveguide
mode depends on the decomposition of waveguide eigen-
modes into multiple plane waves at different incident an-
gles. Thus the behavior of plane-wave on HAMR media
provides direct understanding and learning of the HAMR
media multilayer optical system.
With the generalized TL theory reviewed in the last
section, we fix the incident angle at zero (normal in-
cidence) and sweep the thickness of media overcoat
(LayerID=3), magnetic layer (LayerID=4), interlayer
(LayerID=5) and heatsink (LayerID=6). The field is
launched from the air (refractive index n=1.0). In Figure
2, we plot the reflection and normalized media absorp-
tion vs. thickness curve for the four layers of interest,
each from 0 to 300nm. The curve ’R’ is the media stack
total reflection, ’A’ the recording layer absorption and
’T’ the stack transmission. Understandably, there is en-
gineering limit for the reasonable range of those layer
thickness and except for the heatsink layer, all the media
thin-film thickness is of the order of 10nm or even less.
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FIG. 2. Reflection (labeled ’R’, blue solid line), recording
layer absorption (labeled ’A’, red dashed line) and transmis-
sion (labeled ’T’, green dotted line) (all normalized to the
incident power) vs. different layer thickness, when changing
the thickness from 0 to 300nm of (a) overcoat, (b) recording
layer, (c) interlayer and (d) heat sink layer.
Yet from a pure optical point of view, it is highly valuable
to appreciate the different sensitivity in media reflection
and recording layer absorption. Below are a few salient
takeaways from the visualization.
Firstly, we notice that in most cases, increased media
reflection is accompanied by the drop of recording layer
absorption. Magnetic layer absorption has first-order im-
pact on HAMR heating efficiency and laser power re-
quirement, so the ’A’ curve should be considered a cru-
cial gauge for media heating efficiency. One minor ex-
ception happens with the heatsink thickness being small,
in which the reflection and absorption increases at the
same time, yet when the anomaly happens the absorp-
tion change is relatively small.
Secondly, we see that the sensitivity of interlayer thick-
ness is relatively big compared to other layers. Judging
from the oscillating and periodic nature seen in Fig. 2(c),
this effect can be explained almost purely by considering
the impedance matching capability of the dielectric layer
(interlayer) on top of a good reflector (heatsink). For the
ASTC media stack, an absorption peak as well as a re-
flection valley is seen for interlayer thickness at ∼75nm,
and the recording layer absorption keeps rising with in-
creased interlayer thickness until reaching the absorption
local maximum. As a side note, a damped oscillation can
be seen in the recording layer tuning case (Fig. 2(b)).
The total absorption is almost linear to the recording
layer thickness up to ∼40nm. Near its nominal thick-
ness (∼10nm), there is no huge improvement in terms of
media absorption efficiency (absorption per thickness).
Finally, we notice that with heatsink thickness grow-
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FIG. 3. Reflection (R) and recording layer absorption (A)
for different polarizations (s or p) vs incident angle for ASTC
shared media stack. R (or A) without polarization subscript
gives the average of s- and p-wave, which denotes the case of
a non-polarized illumination.
ing, the reflection increases and then saturates, leav-
ing the recording layer absorption unchanged at the up-
per end. Thus there is relatively limited optical bene-
fits related to further tuning heatsink thickness when it
reaches the level of optical skin depth. Also, changing
the thickness of a lossless media overcoat barely changes
the recording layer absorption. In real head-media in-
teraction, however, it is expected that the head-media
spacing will be a highly sensitive factor in determining
the heating efficiency since the near-field light becomes
the major heat source.
Next we preserve the ASTC media stack’s optical prop-
erties, while changing the incident angle of the input
beam. In Figure 3, we plot the angular reflection and
absorption for ASTC stack illuminated by a plane-wave.
There is a relative reflection valley at about 70 deg for
p-wave, while no local reflection minimum or absorption
peak is seen for s-wave. We skip the transmission curve
as it is zero with all incident angles due to the 80nm
heatsink layer. We have also observed that the s-wave has
generally more reflection and less magnetic layer absorp-
tion especially for large incident angles. This observation
suggests a quasi-TM (p-like) light delivery system gener-
ally couples with HAMR media more easily, although to
observe a significant difference between the polarizations
the incident angle of the beam needs to be relatively large
(>40 deg). A more relevant scenario will be presented in
the next section, in which the incident beam is launched
from high-index waveguide other than from the air.
B. Waveguide-Media Interaction
We now switch the light source from plane-wave input
to waveguide light input. In HAMR light delivery, the
far-field light is usually delivered by a high-index core
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FIG. 4. PWE calculated waveguide reflection (mode overlap
integral) and its comparison with FDTD. Mode index = 1
correlates with the fundamental mode (TE0 and TM0). The
first 3 mode orders are given for both TE and TM case.
material with an NFT attached to the waveguide near
the ABS. Due to the limited far-field to near-field con-
version efficiency, there will be background light leaking
from the waveguide and reaching the media. This portion
of power is not negligible. So although in the theoretical
analysis we don’t consider the impact of NFT, we think
the general conclusion will still be valuable for under-
standing the far-field optics of head-media interaction.
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FIG. 5. Waveguide mode spectral amplitude and reflection for
TE1 interacting with free-space, with (a) Fourier transform’s
amplitude and (b) reflection.
Firstly, we use a multimode waveguide with core in-
dex ncore=2.0, cladding index nclad=1.5 and core width
5W = 800nm as the input and terminate the waveg-
uide in the air (n=1.0). The wavelength is chosen as
λ=800nm. Figure 4 shows the comparison between PWE
and FDTD modeling from Lumerical Solutions [18], a
commercial-grade simulator based on the finite-difference
time-domain method, with decent agreement, validat-
ing the PWE with more time-consuming, pure numerical
techniques.
Choosing the TE1 and TM1 mode as a pair of spe-
cific case (related to Mode index=2 in Fig. 9), we look
closer at the spectral map of the waveguide mode and the
modal reflection. Figs. 5 and 6 show the spectral ampli-
tude (—FT— of the original mode profile) and angular
reflection from different polarizations.
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FIG. 6. Waveguide mode spectral amplitude and reflection for
TM1 interacting with free-space, with (a) Fourier transform’s
amplitude and (b) reflection.
Apparently, on the waveguide-air interface, for TM
mode the reflection is generally less. We can see a signif-
icant reflection dip at about 25 deg incident angle, which
happens to overlap with the Fourier transform peaks of
the source field. The reflection dip is a signature of total
internal reflection for waveguide-air interface and poten-
tially surface-wave excitation for multilayers with metals.
For both situations, the reflection drop will likely con-
tribute to the reduction of back reflection to the waveg-
uide. The surface-wave excitation has been further ex-
plored for optical sensing applications, such as in the dou-
ble metallic cladding waveguide [20], while waveguide-
based Kretschmann configuration has also been studied
previously [21].
We then redo the thickness sensitivity study in a sim-
ilar manner to Figure 2, this time with TE1 and TM1
modes as the source power. The air gap, recording layer,
interlayer and heat sink layer are tuned individually. In
Figs. 7 and 8, we denote the reflection with solid blue
curves and absorption with dashed red curves. To ob-
serve the curves more closely, we reduce the thickness
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FIG. 7. Reflection (labeled ’R’, blue solid line), recording
layer absorption (labeled ’A’, red dashed line) and transmis-
sion (labeled ’T’, green dotted line) (all normalized to the
incident power) for TE1 vs. different layer thickness, when
changing the thickness from 0 to 200nm of (a) overcoat, (b)
recording layer, (c) interlayer and (d) heat sink layer.
range from 300nm to 200nm, still including at least a
half reflection swing cycle (vs. interlayer thickness). The
swing curve for interlayer (as shown in Figs. 7(c) and
8(c)) still predicts a reflection valley and a monotonous
dropping trend at low interlayer thickness, comparable to
the plane-wave case shown in Fig. 2. Interestingly, un-
like in the waveguide-air case, both TE and TM modes
showed similar reflection and absorption for waveguide-
media interaction. This effect, seemingly contradiction to
the waveguide-air interaction with different polarizations,
can be well explained by plotting the angular reflection in
a way already seen in Figs. 5 and 6. As shown in Fig. 9,
the Fourier transform of TE1/TM1 modes are fairly close.
However, the reflection dip for TM shifts from 25 deg in
waveguide-air case, to 50 deg in waveguide-media case.
For the angular range containing significant power, which
is mostly less than 30 deg, the reflection for TE and TM
almost overlaps. It again confirms that HAMR optics
should be understood with both head and media in the
picture, where changing outlet media could yield signifi-
cantly different optical behavior with the same waveguide
or far-field source.
Finally, we want to point out that Fig. 9(b) is the in-
trinsic angular reflection curve for ASTC stack regardless
of the input field. To observe a more profound change
between TE and TM mode with this stack, one would
need to adjust the waveguide mode profile.
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FIG. 8. Reflection (labeled ’R’, blue solid line), recording
layer absorption (labeled ’A’, red dashed line) and transmis-
sion (labeled ’T’, green dotted line) (all normalized to the
incident power) for TM1 vs. different layer thickness, when
changing the thickness from 0 to 200nm of (a) overcoat, (b)
recording layer, (c) interlayer and (d) heat sink layer.
0.0
0.2
0.4
0.6
0.8
1.0
(a) FT-TE1
FT-TM1
90 45 0 45 90
Mode Decomposition Angle (deg)
0.0
0.2
0.4
0.6
0.8
1.0
(b)
Refl-TE1
Refl-TM1
FIG. 9. (a) Fourier transform’s amplitude and (b) angu-
lar reflection comparison for TE1 (blue solid) and TM1 (red
dashed) waveguide-media interaction.
C. HAMR head-media full 3-D Modeling
The main scope of this paper is to study the far-
field light interaction between HAMR head and media.
Throughout the theoretical analysis, we didn’t consider
the role of NFT. Therefore, it is important to check
whether the knowledge of far-field light-media interaction
is applicable to a complete HAMR system with NFT in-
cluded, as well as how 2-D learning synchronize with the
NFT-media interaction. For HAMR heads, the main val-
ues of interest are their far-field reflection (reversely cor-
related with laser power requirement) and recording per-
formance, where the head reflection and media absorp-
tion are optically measurable in 3-D model. We should
note again that although the 2-D analysis excludes the
NFT, the light interacting with the HAMR media will
inevitably include a significant portion of far-field light
and there is possibility that the 3-D scenario including
both NFT and far-field light be closely related to far-
field only situation. In our case, the 3-D model includes
an NFT excited by a dielectric light delivery system, as
introduced in [2].
To start with, we use interlayer thickness as the tuning
parameter and present the full 3-D modeling results. In
Figure 10, we plot the power scaling factor (normalized
to 5nm interlaye case) for a HAMR head. Figure 10 also
shows the thermal bubble of two cases with 5nm and
15nm interlayer thickness as the insets. The model is
built with the RF and heat-transfer modules of COMSOL
Multiphysics [19], using the ohmic heat generation from
the RF module as the heat source for the heat-transfer
module. Since interlayer is largely a dielectric layer, it is
expected that a very thick interlayer will inevitably blow
up the writing thermal bubble due to the poorer heat
sink efficiency. This has started to show even at very
thin interlayer thickness, as the 15nm interlayer showed
a locally widened thermal profile compared to 5nm case.
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FIG. 10. Thermal bubble and downtrack normalized temper-
ature for interlayer thickness at 5nm (blue) and 15nm(red).
The inset images show the thermal profile in 2-D for 5nm
(left) and 15nm (right) interlayer.
On the other hand, Figure 11 shows how absorption (of
magnetic layer) and modeled magnetic layer peak tem-
perature change with interlayer thickness. We see that al-
though in 3D model there are both near- and far-field op-
tical interaction, the general trend predicted previously
for reflection and absorption still qualitatively applies.
This suggests that either the near-field light induces sim-
ilar media sensitivity for magnetic layer absorption, or
the far-field proportion dominates the large-scale heat
7generation and temperature rise. While the near-field
light-media interaction is out of the scope of this pa-
per, we think it is possible that both factors mentioned
above play a role in this observation. For the tempera-
ture curve, it is worthy of mentioning that the increased
interlayer will decrease the overall heat sink efficiency of
the stack and as a result preserve more heat in recording
layer better. Since the temperature curve is bending to-
ward a flatter slope, we think quantitatively the thermal
isolation role played by thicker interlayer is less substan-
tial compared to its optical or impedance matching role.
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FIG. 11. Interlayer impact on recording layer total absorption
and peak temperature.
The models given here will be the reference point of
the experiments summarized in the next section.
IV. EXPERIMENTAL RESULTS
In this section, we focus on the experimental verifica-
tion of previous modeling data. Specifically, from the
large sensitivity slope in interlayer thickness, we expect
to see significant laser diode current (LDC) change with
as small as 10nm interlayer thickness change. Based on
this, we prepared four flyable HAMR media discs de-
signed and fabricated with different interlayer thickness
(from 2.5nm to 15nm) and performed recording tests on
two of them (Media A5 with thickness d=5nm and me-
dia A15 with d=15nm). We want to emphasize that the
actual physical properties of the fabricated media stacks
understandably deviates from the generic media in Table
I partly due to process variations, but the main com-
ponent remains physically consistent compared to the
generic stack, where we obtained most of the thickness
sensitivity learning.
First we obtained the far-field reflection of the inter-
layer ladder. Figure 12 shows the modeled and mea-
sured media reflection with decent agreement (normal-
ized to the largest modeled reflection, when modeled in-
terlayer thickness d approaches 0). Note that the y-axis
of the plot is the relative reflection-drop, compared to
zero thickness case (modeled) which has the maximum
reflection. From Figure 2 we have noticed that for thin
interlayer (<50nm), the reflection changes with interlayer
thickness monotonously. If the overall heating process
combining near- and far-field light followed similar sen-
sitivity trend to the far-field-only case discussed above,
we expect to see >30% laser power drop with only 10nm
interlayer thickness change.
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FIG. 12. Far-field media reflection drop vs. interlayer thick-
ness change.
For recording performance evaluation, we use a number
of HAMR heads to write on both Media A5 and A15, so
as to obtain the LDC and recording bit-error-rate (BER).
Figure 13 showed the operational currents (subtracting
the threshold current from LDC before normalization to
a bench-mark value) in 4 writing conditions. While A5
and A15 denote the media difference, ”iso” and ”sqz” de-
scribes the single- or multiple-track recording conditions,
on which the laser power is determined with different
optimization approach. Apparently, between ”iso” and
”sqz” the laser power difference is generally minor for
both media. On the other hand, the laser power require-
ment to write A15 is about 25%-30% lower compared to
A5, indicating a higher heating efficiency on A15 with
similar heads on. The agreement between the exper-
iments and the far-field-only optical behaviors are no-
table. We want to point out again that the drop of LDC is
an result combining the optical and thermal effects from
thicker interlayer thickness, as already discussed around
Fig. 11.
Figure 14 summarized the BER change of recording
tests on A5 and A15 at two different laser on-off duty cy-
cles, relative to the worse BER seen in the experiments.
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FIG. 13. Laser power requirement (normalized) with
A5/A15 under different writing conditiosn, iso=single track,
sqz=multiple track.
There are 6 heads in total tested on both media, and we
find the laser duty cycles do not change the BER signif-
icantly. Similar to the LDC comparison above, it is the
switch from A5 to A15 that has the most profound im-
pact on BER. While A15 did show a better recording per-
formance for the single-track writing, it is expected that
a worse heatsinking efficiency bounded with thicker inter-
layer thickness will ultimately produce blown-up thermal
bubbles that makes high areal density recording impos-
sible.
The observation shown in this section confirms that
the far-field light-media interaction is highly relevant to
HAMR recording, at least for the light delivery system
studied in this paper. The similar sensitivity shown be-
tween waveguide-only in 2D as shown in section III and
the full-3D case in this section suggests that under certain
situation, the near-field heating process does not behave
significantly different from its far-field counterpart. On
the other hand, the HAMR heating is known to have both
near- and far-field contribution. A far-field-like heating
source, such as the waveguide radiation directly emanat-
ing from a channel or slab waveguide to HAMR media,
provides background lighting and increases the thermal
background’s intensity. From a contrast point of view,
this background generally lowered the relative intensity
and sharpness of the near-field heating spot. It is ex-
pected that towards the direction of more refined HAMR
optical system, one can reduce the background light by
either trimming or blocking the waveguide light and sup-
press the back-reflection by engineer the mode profile to
match with the media.
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FIG. 14. BER change (relative to the worst measured BER)
with A5/A15 under different writing conditions, low=low
duty cycle, high=high duty cycle. The same marker indicates
the same head used for recording.
V. CONCLUSION
We have used a plane wave expansion method to study
the waveguide-media optical interaction in HAMR tech-
nology, and noted the media sensitivity regarding the in-
dividual layer’s optical thickness. The sensitivity pre-
dicted by model is verified by writing tests, showing the
importance of matching the optical system with media
design.
ACKNOWLEDGMENTS
R.Y. acknowledges the discussion with Dr. Thach
Nguyen of RMIT, Australia on technical details of im-
plementing the waveguide plane wave expansion.
[1] M. Kryder, E. Gage, T. McDaniel, W. Challener,
R. Rottmayer, and M. Erden, “Heat Assisted Magnetic
Recording,” Proceedings of the IEEE 96, 1810–1835
(2008).
[2] W. A. Challener, C. Peng, A. V. Itagi, D. Karns,
W. Peng, Y. Peng, X. Yang, X. Zhu, N. J. Gokemei-
jer, Y. T. Hsia, G. Ju, R. E. Rottmayer, M. A. Seigler,
and E. C. Gage, “Heat-assisted magnetic recording by a
near-field transducer with efficient optical energy trans-
9fer,” Nat Photon 3,220–224 (2009).
[3] M. A. Seigler, W. A. Challener, E. Gage, N. Gokemei-
jer, G. Ju, B. Lu, K. Pelhos, C. Peng, R. E. Rottmayer,
X. Yang, H. Zhou, and T. Rausch, “Integrated Heat As-
sisted Magnetic Recording Head: Design and Recording
Demonstration,” Magnetics, IEEE Transactions on 44,
119–124 (2008).
[4] B. C. Stipe, T. C. Strand, C. C. Poon, H. Bala-
mane, T. D. Boone, J. A. Katine, J.-L. Li, V. Rawat,
H. Nemoto, A. Hirotsune, O. Hellwig, R. Ruiz, E. Do-
bisz, D. S. Kercher, N. Robertson, T. R. Albrecht, and
B. D. Terris, “Magnetic recording at 1.5 Pb m2 using
an integrated plasmonic antenna,” Nature Photonics 4,
484–488 (2010).
[5] T. Ikegami, “Reflectivity of mode at facet and oscillation
mode in double-heterostructure injection lasers,” Quan-
tum Electronics, IEEE Journal of 8, 470–476 (1972).
[6] C. Vassallo, “Orthogonality and normalization of ra-
diation modes in dielectric waveguides: an alternative
derivation,” J. Opt. Soc. Am. 73, 680–683 (1983).
[7] C. Vassallo, “Reflectivity of multidielectric coatings de-
posited on the end facet of a weakly guiding dielec-
tric slab waveguide,” J. Opt. Soc. Am. A 5, 1918–1928
(1988).
[8] C. J. Smartt, T. M. Benson, and P. C. Kendall, “‘Free
space radiation mode’ method for the analysis of prop-
agation in optical waveguide devices,” Optoelectronics,
IEE Proceedings J 140, 56–61 (1993).
[9] C. J. Smartt, T. M. Benson, and P. C. Kendall, “Exact
analysis of waveguide discontinuities: junctions and laser
facets,” Electronics Letters 29, 1352–1353 (1993).
[10] C. J. Smartt, T. M. Benson, and P. C. Kendall, “Exact
transcendental equation for scalar modes of rectangular
dielectric waveguides,” Optical and Quantum Electronics
26, 641–644 (1994).
[11] R. E. Rottmayer, S. Batra, D. Buechel, W. A. Chal-
lener, J. Hohlfeld, Y. Kubota, L. Li, B. Lu, C. Mihalcea,
K. Mountfield, K. Pelhos, C. Peng, T. Rausch, M. A.
Seigler, D. Weller, and X. Yang, “Heat-Assisted Mag-
netic Recording,” Magnetics, IEEE Transactions on 42,
2417–2421 (2006).
[12] R. Orobtchouk, S. Laval, D. Pascal, and A. Koster,
“Analysis of integrated optical waveguide mirrors,”
Lightwave Technology, Journal of 15, 815–820 (1997).
[13] T. G. Nguyen and A. Mitchell, “Analysis of opti-
cal waveguides with multilayer dielectric coatings using
plane wave expansion,” Lightwave Technology, Journal
of 24, 635–642 (2006).
[14] P. C. Kendall, D. A. Roberts, P. N. Robson, M. J. Adams,
and M. J. Robertson, “New formula for semiconductor
laser facet reflectivity,” Photonics Technology Letters,
IEEE 5, 148–150 (1993).
[15] P. C. Kendall, D. A. Roberts, P. N. Robson, M. J. Adams,
and M. J. Robertson, “Semiconductor laser facet reflec-
tivities using free-space radiation modes,” Optoelectron-
ics, IEE Proceedings J 140, 49–55 (1993).
[16] S. J. Orfanidis, Electromagnetic Waves and Anten-
nas, Online at: www.ece.rutgers.edu/~orfanidi/ewa/
(2014).
[17] T. Rausch, “Standard Media Stack and Figure of Mer-
its for HAMR NFT Modeling,” Tech. rep., ASTC Heads
Working Group (2011).
[18] Lumerical Solutions, Inc. http://www.lumerical.com/
tcad-products/fdtd/
[19] COMSOL Multiphysics, Inc. http://www.comsol.com/
[20] H. Li, Z. Cao, H. Lu, and Q. Shen, “Free-space coupling
of a light beam into a symmetrical metal-cladding opti-
cal waveguide,” Applied Physics Letters 83, 2757–2759
(2003).
[21] J. Shibayama, “A Kretschmann-type absorption-based
surface plasmon resonance waveguide sensor,” Microw.
Opt. Technol. Lett. 50, 2497–2500 (2008).
